Inhomogeneous and homogeneous linewidth are reported in a Eu 3+ doped transparent Y 2 O 3 ceramic for the 7 F 0 -5 D 0 transition, using high-resolution coherent spectroscopy. The 8.7-GHz inhomogeneous linewidth is close to that of single crystals, as is the 59-kHz homogeneous linewidth at 3 K (T 2 = 5.4 μs). The homogeneous linewidth exhibits a temperature dependence that is typical of a crystalline environment, and additional dephasing observed in the ceramic is attributed to magnetic impurities or defects introduced during the synthesis process. The absence of Eu 3+ segregation at the grain boundaries, evidenced through confocal microfluorescence, further indicates that the majority of Eu 3+ ions in the ceramic experience an environment comparable to a single crystal. The obtained results suggest that ceramic materials can be competitive with single crystals for applications in quantum information and spectral hole burning devices, beyond their current applications in lasers and scintillators.
Rare earth doped transparent polycrystalline ceramics have recently attracted much attention as new laser hosts [1] [2] [3] and scintillating materials. [4] [5] [6] Compared to single crystals, they can be obtained in larger volumes and with higher doping level. Other advantages include high mechanical robustness, flexibility in shape, and ease of manufacturing composite materials or controlled composition gradients. Highly 11 demonstrating that low optical losses can be achieved in these materials. Rare earth optical spectroscopy also revealed that absorption and emission cross sections as well as excited state lifetimes, can be very close to those observed in single crystals at ambient temperatures. 2 For single crystals, it is known that optical transitions of rare earth ion impurities can exhibit very narrow inhomogeneous and homogeneous linewidths due to shielding of 4f electrons by the outer 5s and 5p closed shells. This has been used recently in the field of quantum memories 12 to demonstrate storage of entangled photons, 13, 14 entanglement of crystals, 15 and high efficiency quantum storage. 16 The narrow spectral holes that can be burned into rare earth absorption lines have also enabled continuous analysis of optically carried radio frequency signals, 17 ultrasound optical tomography, 18 or laser frequency stabilization. 19, 20 Ceramic materials could be an alternative to single crystals in these applications, offering unique possibilities for flexible shaping and composition, but only if the rare earth linewidths, especially the homogeneous linewidth, are sufficiently narrow. The inhomogeneous and homogeneous linewidths are extremely sensitive to perturbations of the rare earth ions' local environment in the material; as a result, vastly different linewidths can be observed in nominally similar materials due to small differences in composition or growth conditions. 21, 22 While the inhomogeneous linewidth provides a measure of the nanoscale uniformity of the crystal lattice throughout the macroscopic material, the homogeneous linewidth provides a measure of the perturbation dynamics and stability of the solid-state environment. 23 Consequently, the homogeneous linewidth can be significantly broadened by low levels of impurities with fluctuating electronic or nuclear spins or by low frequency vibrational modes in the lattice that are linked to local disorder in composition and structure. These effects are not manifest in conventional optical properties like fluorescence lifetimes, yet they give important information about impurities or structural defects present in the material. This is especially important in the case of ceramic materials to determine the role of grains boundaries, stress between grains, and possible residual impurities due to sintering aids used in the fabrication process.
In the work reported here, we study ceramic Y 2 O 3 doped with trivalent europium. In bulk single crystals, Y 2 O 3 can exhibit narrow homogeneous and inhomogeneous linewidths (see below), but crystal growth is difficult due to a very high melting temperature of ∼2400
• C. Since ceramic materials are produced by sintering nanocrystals at temperatures much lower than the bulk crystal's melting point, ceramic Y 2 O 3 is of particular interest as a practical alternative to the single crystals. With this motivation, experiments were performed on a 10-mm diameter and 5.65-mm thick 0.1% (atomic) Eu 3+ doped transparent ceramic sample of good optical quality as shown in Fig. 1(a) inset.
The samples were synthesized from high purity (99.99%) Y 2 O 3 and Eu 2 O 3 powders, with particle sizes of 50-nm and 200-nm, respectively. The powders were mixed in ethanol for 15 hours by a ball milling process. The mixed slurry was dried on a hot plate to remove ethanol and then crushed into powders. The powders were uniaxially pressed with a modest pressure in a metal mold to form a pellet, which was then cold isostatically pressed at 98 MPa. The pellets were presintered in vacuum at 1500
• C for 3 hours, followed by hot isostatic pressing (HIP) at 1600
• C for 2 hours in Ar gas at a pressure of 147 MPa to achieve transparent ceramics. Inhomogeneous and homogeneous linewidth measurements were performed with the sample in a gas flow cryostat operated at controlled temperatures between 3 and 15 K. The laser source was a frequency-stabilized dye laser with a 1-MHz linewidth. Signals were detected by an amplified photodiode (transmission spectra) or an avalanche photodiode (photon echoes). Photon echoes were produced by focusing pulses of 1.5 μs to a 100 μm diameter spot in the ceramic. The laser power was 30 mW. Figure 1 (a) presents the absorption spectrum of the Eu 3+ 7 F 0 → 5 D 0 transition recorded at 15 K. This temperature was chosen to avoid hole burning effects due to optical pumping of ground-state hyperfine levels. No significant dependence of absorption on polarization was observed as expected from the isotropic nature of the ceramic and the cubic structure (I a3) of Y 2 O 3 . The line is centered at 580.88 ± 0.05 nm (vacuum), within 10 GHz of the value reported for single crystals. 21 The full width at half maximum inh is 8.7 GHz. For the best bulk crystals with a comparable doping level, a similar inh value of 7.1 GHz has been observed. 21 In contrast, values as large as 90 GHz were found for a crystal grown using a mirror furnace. 21 The surprisingly narrow inhomogeneous linewidth in the ceramic material shows that the crystal field and residual lattice strain acting on the Eu 3+ ions in the ceramic are comparable to those of the highest quality bulk crystals. This also indicates that the dopant is located within the crystalline grains and not in or near grain boundaries where large site distortions would be expected.
Homogeneous linewidths were measured by two pulse photon echo techniques. The decay of the photon echo intensity as a function of pulse delay was exponential [see Fig. 1(b) ], corresponding to a coherence lifetime T 2 of 5.4 μs and a homogeneous linewidth h = 1/(πT 2 ) of 59 kHz at 3 K. In single crystals with similar doping levels, h at this temperature varies from 760 Hz to 62 kHz, 21 ,24 depending on the growth method and the particular sample studied. The homogeneous linewidth in the ceramic is therefore within the range of values observed for single crystals, while showing an excess dephasing compared to the best samples. This can be analyzed by considering the different mechanisms that contribute to h :
where pop is the contribution from the excited-state population lifetime, ion-ion is the instantaneous spectral diffusion (ISD) contribution from changes in the local environment due to the optical excitation or population relaxation of other ions, ion-spin is the contribution due to nuclear-and electron-spin fluctuations of the host lattice, TLS is the contribution due to dynamic fluctuations in nearly equivalent local lattice configurations, and phonon includes contributions from phonon scattering. The lifetime T 1 of the 5 D 0 level in the ceramic is ∼1 ms, a value similar to that of the single crystal, 21 corresponding to pop = 1/(2πT 1 ) ∼ 160 Hz. ISD is generally reduced at low excitation density and Eu 3+ concentration. Since much narrower linewidths have been observed in single crystals with higher concentration under excitation conditions similar to those used here, 24 it seems unlikely that the difference between our results and those reported in Refs. 21 and 24 could be attributed to ISD. The ion-spin broadening is often the ultimate limit for dephasing in rare earth doped single crystals, and the low magnetic moments of Y 3+ and O 2− have allowed very narrow homogeneous linewidths to be observed in single crystals. 24 In the ceramic, additional impurities or defects that might be introduced during the synthesis process could have electronic or nuclear spins that contribute to ion-spin . The TLS broadening is generally the most important effect in amorphous solids due to the many equivalent atom configurations that are possible in the disordered environment and the resulting fluctuations in the local environment due to tunneling between configurations with nearly equal energy, referred to as two-level systems (TLS). This process has also been observed at much lower levels in crystals with high strain or disorder, 26, 27 suggesting that it could be present in ceramic materials as well. Furthermore, from studies of glass ceramics, it is known that Eu 3+ ions in nanocrystals that are embedded in glass can experience dephasing due to long-range interactions with TLS in the glass host matrix, 28 suggesting that interactions with grain boundaries could increase dephasing in ceramics with small grain sizes.
To further investigate the source of the observed dephasing, we measured the temperature dependence of the homogeneous linewidth h using photon echo measurements, as presented in Fig. 1(c) . Although phonon , and therefore h , usually exhibits little dependence on temperature in the 1.5-4 K range for Eu 3+ -doped single crystals, different behavior has sometimes been observed for Y 2 O 3 single crystals grown by the laser-heated pedestal growth (LHPG) method. 21 In the LHPG crystals, h increased linearly with temperature over a temperature range from 1.5 to 10 K; moreover, the photon echo decays were slightly nonexponential. Both of those phenomena were attributed to glasslike configurational changes of the local structure of the host lattice due to the presence of TLS in the crystals. In the case of the LHPG single crystals, the source of TLS was attributed to structural defects. However, in our case, the broadening for the ceramic was well described by a T 7 temperature dependence that is characteristic of elastic Raman scattering of phonons 26, 29 and corresponds to the expression: h = 0 + kT 7 where T is the temperature. The best fit parameters are 0 = 55 kHz and k = 1.7 × 10 −6 kHz/K 7 [see Fig. 1(c) , solid line]. The broadening coefficient k for the ceramic agrees well with the value of 1.4 × 10 −6 kHz/K 7 previously observed in high-quality single crystals. 30 Furthermore, analysis of the measured temperature dependence indicates that the maximum broadening due to TLS in the ceramic must be <10 kHz/K to be consistent with the observed data. This level of TLS broadening is within the range observed for single crystals, 21 demonstrating that the crystalline quality of the ceramic grains is comparable to Y 2 O 3 single crystals. At 3 K, the maximum contribution of TLS in the ceramic would be ∼30 kHz, which is smaller than the observed h of 59 kHz. Together with the exponential echo decays, these observations suggest that any potential TLS broadening in the ceramic is too small to explain the measured homogeneous linewidth. Therefore the Eu 3+ dephasing most likely results from magnetic impurities (like transition metal or other rare earth ions) or defects inside the crystalline grains, perhaps in combination with a smaller contribution from disorder or impurities at the grain boundaries themselves. Reducing these contributions by optimizing synthesis and starting material purity seems to be the best way to increase coherence lifetimes. Indeed, techniques like zero first-order Zeeman shift, 31, 32 which rely on external control fields to decouple rare earth ions from environment, may be difficult to apply because of the isotropic nature of the ceramic. The analysis of the homogeneous broadening is consistent with the narrow 5 D 0 → 7 F 0 inhomogeneous linewidth and again supports the conclusion that Eu 3+ ions do not segregate at the grain boundaries. To confirm this last conclusion, we examined the ceramic microstructure by confocal luminescence, 33 using the 5 D 0 → 7 F 2 transition intensity to map the spatial distribution of Eu 3+ ions [ Fig. 2(a) ]. Excitation was provided by an Ar + laser at 488 nm focused into the sample by a microscope objective (100× magnification) to a spot size smaller than 1 μm. The photoluminescence was collected in backscattering geometry and focused into a multimode fiber connected to a spectrometer equipped with a CCD camera. The sample was placed on a two-axis XY motorized stage with 0.1-μm spatial resolution, thus precise positioning of the sample under the laser spot was achieved. The corresponding image [see Fig. 2(b) ] did not reveal any significant variations. This result indicates that no segregation of Eu 3+ ions towards grain boundaries occurred. To reveal grains and grain boundaries, the ceramic was then etched in nitric acid for 5 min at 100
• C. Optical images [see Fig. 2 (c) ] show a mean grain size of ∼50 μm and correspond closely to those obtained by confocal luminescence [see Fig. 2(d)] . The large grain size and the absence of Eu 3+ segregation is consistent with the conclusion drawn from inhomogeneous and homogeneous linewidths.
In conclusion, we report for the first time, to our knowledge, high-resolution measurements of the inhomogeneous and homogeneous linewidths in a transparent ceramic at low temperatures. The 8.7 GHz inhomogeneous linewidth is close to that of single crystals, as is the 59-kHz homogeneous linewidth at 3 K (T 2 = 5.4 μs). The photon echo decays are exponential and the homogeneous linewidth dependence on temperature is typical of single crystals, further showing the high crystalline quality of the ceramic grains and the low influence of grain boundaries on Eu 3+ dephasing. 
